One of the key challenges of energy research is finding solid electrolytes with high lithium conductivities comparable to those of liquid electrolytes. In this context, developing new structural families of potential 
] crystallizes in the Na 2 IrO 3 structure type (space group C2/c), an ordered variant of the layered a-NaFeO 2 structure. The structure of Na 2 IrO 3 differs from that of a-NaFeO 2 (which consists of alternating layers of Na and Fe octahedrally coordinated by oxygen) in having a mixed Na/Ir layer that orders in a honeycomb fashion. Both of these structures are related to the Delafossite structure, which has linear, rather than octahedral, coordination of the interlayer cation. Note that these materials are structurally related to the widely used electrode material LiCoO 2 .
15, 16 We previously reported a related compound with a stoichiometry of Li 0.6 [Li 0.2 Sn 0.8 S 2 ] to exist in the ternary Li-Sn-S phase diagram, however the details of its crystal structure remained unsolved. 13 Single-crystal X-ray diffraction (SXRD) was conducted on a Bruker APEX II diffractometer with Mo-K a radiation at 100 K. Unit cell refinement and data integration was performed with the Bruker APEX II software and CELL_NOW. The crystal structure was refined using the full-matrix least-squares method on F 2 , implemented through SHELXL-2013 and WinGX. SEM/EDX measurements were performed with a scanning electron microscope (SEM; Vega TS 5130 MM, Tescan) using a Si/Li detector (Oxford). ICP-AES was done with a Vista Pro ICP-AES spectrometer. 6 Li Larmor frequency of 155.56 MHz), equipped with a diff60 single gradient diffusion probe. The probe allows for pulse field gradients g of up to 30 T m À1 and variable temperature measurements up to +150 1C. The diffusion measurements were accomplished using a Stimulated Echo pulse sequence. 20 The echo attenuation curves S(g,d,D) were processed using the Stejskal-Tanner equation where g = 1.398 Â 10 8 Hz T À1 is the 7 Li gyromagnetic ratio, g is the strength of the pulse field gradient of duration d, D is the effective diffusion coefficient, and D is the time interval between the field gradients that defines the diffusion time scale. Diffusion constants near room temperature, where diffusion is slow, were obtained by varying the gradient strength between 0.1 and 30 T m À1 at a fixed d = 1.0 ms, in a range of D = 10-100 ms. At higher temperatures, when diffraction effects in an attenuation curve become apparent, the diffusion measurements were performed by varying d in a range of 0.25-4.0 ms at a fixed gradient strength g of 900 G, and a fixed D of 20 ms. For electrical conductivity measurements two different configurations were used. In each of them, the thoroughly ground powder was filled into a Teflon die with an inner diameter of 4 mm. The powder was compressed by two stamps (+ 4 mm) and they were fixed in a uniaxial press during the measurements. The density of the cold-pressed powders is estimated to be 75%. In configuration 1, in order to avoid any undesired reaction between lithium and the stamp and to ensure a good contact, a 0.1 mm thick gold foil was placed between the plunger and the powder at both sites. Configuration 1 is described therefore as Au|Li 0.6 [Li 0.2 Sn 0.8 S 2 ]|Au. For configuration 2, an additional small layer of LiAl alloy was placed between the sample and the gold foil at both sides (Au|LiAl|Li 0.6 [Li 0.2 Sn 0.8 S 2 ]|LiAl|Au). The alloy acts as a lithium reservoir and allows for both ionic and electronic charge transfer -thereby, concentration polarization effects on the electrodes can be avoided. For each configuration, DC galvanostatic polarization/depolarization measurements were carried out with a Keithley 2604B source-meter, while impedance spectroscopy was performed using a Novocontrol Alpha-A high-performance frequency analyzer at frequencies ranging between 1 MHz and 0.01 Hz (AC voltage of 0.15 V). The impedance spectra were analyzed using the commercial software Z-View by Scribner Assoc.
Results and discussion
The crystal structure of Li 0.6 [Li 0.2 Sn 0.8 S 2 ] was solved by single crystal X-ray diffraction in the monoclinic space group C2/m (no. 12) with a = 19.217(7) Å, b = 3.6996(14) Å, c = 6.529(2) Å, and b = 109.056(4)1 to a wR 2 value of 6.6% and a R 1 (F o 4 2s(F o )) value of 2.4%. The structure is displayed in Fig. 1 , the crystallographic details are listed in Table 1 , the atomic coordinates and the anisotropic displacement parameters are given in Tables S1 and S2 (see ESI †). We have confirmed with powder X-ray diffraction that the solution of the single crystal data largely corresponds to the structure of the bulk phase. Slight differences in the powder X-ray pattern compared to the single crystal structure are observed in the 2y range between 7 and 121, which is diagnostic of different concentrations of stacking faults in the polycrystalline powder compared to the single crystal, as also observed by J. A. Brant et al. 14 composed of layers of edge-sharing tin sulfide octahedra which face in the same direction, and Li + ions that are sandwiched between the layers (see Fig. 1 (Fig. 2, upper panel) . This agrees well with the two different types of Li -75% (Li1 + Li3) between the layers and 25% (Li2) within the covalent layers -and is in good agreement with the expected fully-ordered honeycomb crystal structure. Table S1 , ESI † and the signal of intralayer Li is likely downfield shifted due to the Sn-S environment, hence the intralayer lithium atoms, Li1 and Li2, can be assigned to the signal at 2.2 ppm. Furthermore, we assume that Li5, which is tetrahedrally coordinated, behaves similar to the intralayer Li due to the closeness to the tin sulfide layers. The two octahedrally coordinated Li + ions Li3 and Li4 can be assigned to the signal at 1.1 ppm. From the crystal structure we then would expect an integral ratio of 42 : 58. This is almost what we see in the NMR spectrum (47 : 53). Note that single crystal XRD data were taken at 100 K and NMR spectra were recorded at room temperature. Since we have more lithium motion at room temperature the integral ratio from NMR spectra and the occupancy ratio from XRD data are expected to not fully match. Lithium diffusivity was investigated with 7 Li PFG NMR at room temperature. Fig. 3 (upper panel) displays the diffusion coefficient D NMR as a function of the diffusion time D. The longer D, the higher is the likelihood of finite crystallite effects on the spectra, since longer diffusion paths will be probed, increasing the chance of intercrystallite diffusion of the Li + ions. At shorter diffusion times where intracrystallite diffusion is measured, much higher diffusion coefficients are observed. This dependence on diffusion time indicates that grain boundaries have a significant effect on the transport properties as longer diffusion paths increase the possibility of crossing a grain boundary. Note that the mean free path for diffusion is on the order of B1 mm for diffusion times in the ms range. SEM analysis of the powder samples show that grain sizes vary between 100 mm and less than 1 mm (see Fig. S2 that for the shortest diffusion time the conductivity reaches a value of s NMR = 9.3 Â 10 À3 S cm
À1
. Note that for this analysis we only included interlayer lithium as participants of ion transport (see TOPOS calculations below). The overall 7 Li NMR signal in the static sample consists of two unresolved components with substantially different spin-spin relaxation times T 2 . Only the part of the signal with the longer T 2 , however, contributes to the diffusion attenuation curve. That part corresponds to the lithium in the interstitial space and has been consecutively used in all further calculations related to the conductivity (see Fig. S10 , ESI †). This was further confirmed by 2D exchange experimentsbelow B330 K we do not see any exchange between intra and interlayer lithium. The grain boundary conductivity of 9 Â 10 À4 S cm À1 (D = 100 ms) assessed by PFG NMR exceeds the value measured with d.c. measurements, 1.2 Â 10 À4 S cm
.
At an elevated temperature of 407 K, D NMR = 2.6 Â 10 À10 m 2 s À1 is obtained which corresponds to s NMR = 6.7 Â 10 À2 S cm
. PFG NMR measurements at high temperatures displayed scattering effects that likely arise from the anisotropic lithium movement within the crystals. These problems have been previously observed in different anisotropic materials. 30, 31 Owing to the scattering effects at high temperatures, we could not determine activation energies with PFG NMR. Further, the preparation of dense samples by sintering suitable for precise impedance spectroscopy measurements was unsuccessful. Therefore, we performed 7 Li T 1 relaxation time measurements in a region of slow molecular motion at varying temperatures from 320-440 K to determine activation energies (see Fig. 3) . 32 can be present simultaneously and we cannot determine which mechanism contributes most. Fig. 4 summarizes the main findings of the electrical conductivity measurements (both d.c. galvanostatic polarization/ depolarization and a.c. impedance spectroscopy), which were carried out at room temperature (298 K) and -due to hydration of the material in air -within an argon filled glove box using two different experimental setups with ion-blocking and nonblocking electrodes, respectively (Au|Li 0. . Further details for the calculation of the transference number are described in the ESI; † the refined evaluation shifts the upper limit of the transference number to 10 À9 (see Fig. S11 , ESI †). In addition, an impedance spectrum acquired in this configuration (ion blocking electrodes) is shown in Fig. S12 (ESI †): a Warburg behavior can be clearly recognized in the low frequency range. The high ionic conductivity is confirmed by the experiments which were performed in the non-blocking Au|LiAl|Li 0.6 [Li 0.2 Sn 0.8 S 2 ]|LiAl|Au configuration (Fig. 4, panel b) . In this case, the response of the voltage on the application of a d.c. current of 5 mA is instantaneous and corresponds to an effective Li + ion conductivity of the sample of 1.2 Â 10 À4 S cm À1 . In this configuration, also impedance spectroscopy measurements were carried out and a representative complex impedance spectrum is shown in Fig. 4c . Here, the spectrum is rather distorted and seems to be composed of at least two contributions. This is not surprising as the sample consists of cold-pressed powders, in which contributions from the bulk, grain boundaries, electrodes and current constrictions (between adjacent particles) can be present. It is noteworthy that, in the low frequency range, the intercept of indicating grain boundary effects in the ion transport that hinder the diffusion. The likelihood for diffusion within one crystallite and hence, bulk diffusion is higher for shorter diffusion times. Hence, ionic conductivity is higher in the bulk. For the calculation of the conductivity s NMR , the intralayer Li atoms were neglected as they are not assumed to affect the ionic conduction (see Fig. S9 , ESI †). The experimental error is estimated to be 15%. Bottom: Activation energy determined by 7 Li T 1 relaxation time measurements in the slow motion range at varying temperatures from 320-440 K. The expected shape of the curve according to the BPP model is displayed by a dotted line. the spectrum with the real axis (B12 500 O) is in good agreement with the resistance value that one can extract from the voltage change after the application of the d.c. current (in Fig. 4b the change of voltage corresponds to a resistance of 11 600 O). By fitting the high frequency part of the spectrum with a resistance R in parallel to a constant phase element Q (from which the capacitance can be obtained as C = (R 1Àn Q) 1/n with n being an additional fitting parameter) a capacitance value of 2.6 Â 10 À10 F is obtained, which corresponds to an apparent relative dielectric constant of 4200. Since Li 0.6 [Li 0.2 Sn 0.8 S 2 ] is not expected to possess such a large dielectric constant (e.g. it is not a ferroelectric material), this large capacitance cannot be ascribed to the bulk properties of the material, but rather seems to stem from the grain-to-grain contacts. This is supported also by the fact that the extrapolation of the spectrum towards frequencies exceeding 1 MHz results in a finite intercept at about 130 O (see inset in Fig. 4c ) which corresponds most likely to the bulk properties. The ESI † also shows an example (Fig. S13) where we extended the measuring range to 10 MHz. Then, in spite of the increased noise, the transition to the bulk semi-circle is visible. Converting this into conductivity, a value of 1.5 Â 10 À2 S cm À1 is obtained, which conforms with the PFG NMR results (s NMR = 9.3 Â 10 À3 S cm À1 for D = 10 ms). For different samples, we observe a scatter in the enormously high conductivity, which we propose either stems from variations in the composition or in the distribution of the anisotropic grains (see Table S6 , ESI †). At any rate, for optimized single crystalline conditions a conductivity of at least 10 mS cm
is to be expected. Note that, irrespective of these variations, the high frequency intercept of impedance spectroscopy measurement and the PFG NMR results at low D, which both describe bulk properties, are in good agreement in all cases. Not only is the amount of Li between the layers decreased, giving rise to unoccupied sites which facilitate Li movement; Li was also found to occupy octahedral as well as tetrahedral sites, which already indicates that the energies associated with these sites are similar, making Li diffusion along a trajectory containing adjacent face-sharing octahedral and tetrahedral sites facile.
To further address these ideas we show difference Fourier maps (F obs À F calc ) of the single crystal diffraction data where no Li is modeled in the refinement (Fig. 5) . It is important to keep in mind that those data were recorded at 100 K, a temperature at which Li is less mobile than at room temperature. While the Li in the octahedral layer is well localized, indeed, we find evidence for smeared out extra electron density around the tetrahedral positions. This implies that even at 100 K there is some Li mobility via the tetrahedral positions, suggesting that the ionic transport involves the tetrahedral Li sites. 34 Fig. 5 display the expected Li migration pathway according to our TOPOS calculations (see below). Additionally, we performed estimates of the possible lithium migration pathways and voids with the program package TOPOS. [35] [36] [37] As the program relies only on geometric and topological arguments and does not refer to the local energetics, we consider the outcome of this analysis only as providing a guideline. For this purpose, the voids in the crystal structure are calculated with the help of Voronoi-Dirichlet polyhedra and Li All these configurations can be seen as borderline cases which only partially reflect the single-crystal X-ray structure. (Note, however, that charge balance is not considered by TOPOS and the calculations are purely geometrical in nature). Interestingly, the migration pathway analysis leads to chains along b in all four cases (see Fig. S9 , ESI †). This can arise from the fact that the anion framework (here sulfur), which greatly influences the Li motion, is the same in all calculations. In contrast to Li[Li 0.33 Sn 0.67 S 2 ] though, the migration pathway does not cross the covalent layers. The calculated migration pathway of lithium is marked by white dotted lines in the electron density maps (Fig. 5, top) . These calculations lend further evidence that lithium movement is only possible via tetrahedrally coordinated sites. There is no hopping from octahedral to octahedral voids in both structures but only hopping from octahedral to tetrahedral sites and vice versa.
Conclusions
We ). Given the structural anisotropy of Li 0.6 [Li 0.2 Sn 0.8 S 2 ], even higher conductivity can be expected for a single crystalline sample along the ab plane. Further studies on large enough single crystals and densified sintered samples are required for a deeper analysis. As far as the applicability of the new solid electrolyte is concerned, it will be key to combine it with electrodes of moderate Li chemical potential, or to find ways of kinetic passivation. Studies along those lines are currently ongoing in our lab.
